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Abstract

In acute ischemic stroke, collateral circulation plays an important role in maintaining blood flow to the
tissue that is at risk of progressing into ischemia, and in increasing the successful recanalization rate with-
out hemorrhagic transformation. We have reported that well-developed collateral circulation is associated
with smaller infarct volume and better long-term neurological outcome, and it disappears promptly once
the effective recanalization is achieved. Contrary to the belief that collateral vessels develop over time in
chronic stenotic condition, there exists a phenomenon that collateral circulation develops immediately in
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acute stenosis or occlusion of the arteries and it seems to be triggered by fluid shear stress, which occurs be- orcid;
N . . .o . . 0000-0002-0918-5190
tween the territories of stenotic/occluded arteries and those fed by surrounding intact arteries. We believe (Satoru Ishibashi)

that this acute development of collateral circulation is a target of novel therapeutics in ischemic stroke and
refer our recent attempt in enhancing collateral circulation by modulating sphingosine-1-phosphate recep-

tor 1, which is a known shear-stress mechanosensing protein. doi:10.4103/1673-5374.179033
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The treatment of acute ischemic stroke has entered a new era
recently because of the consistent success in endovascular

even after successful recanalization, some patients show little
neurologic improvement, possibly because the penumbral

therapy with or without the administration of intravenous
recombinant tissue plasminogen activator (IV rtPA). In
acute ischemic stroke, tissues that remain alive despite low
cerebral blood flow but that are at risk for progressing into
infarction are considered to be ‘ischemic penumbra.’ Both
IV rtPA and endovascular therapies can rescue penumbral
tissue by recanalizing occluded cerebral arteries. However,

Figure 1 A patient with occlusion of the right proximal middle
cerebral artery.

On magnetic resonance angiography, the right posterior cerebral ar-
tery (PCA) is 2 segments longer than the left PCA (arrow head); this
presentation is defined as ‘PCA laterality’ (A). Hyperintensive vessels
(HVs) are present along the cortex of the right middle cerebral artery
perfusion territory, and are seen in 8 of 10 slices on fluid-attenuated
inversion recovery magnetic resonance imaging (arrows) (B). After
intravenous recombinant tissue plasminogen activator treatment, both
PCA laterality (C) and HVs (D) disappeared.
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area had already progressed into the irreversibly damaged
ischemic core or because hemorrhagic transformation oc-
curred after the recanalization therapy. Collateral circulation
has the potential to protect against these ischemic injuries
by maintaining cerebral blood flow, and we have focused on
collateral circulation in this context.

A deterioration in the quality of the collateral circulation
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Figure 2 Vessel occlusion increases fluid shear stress, consequently
upregulating and activating sphingosine-1-phosphate receptor 1
(S1PR1) and leading to the growth of collateral vessels presumably
through the phosphorylation of extracellular signal-regulated
kinases (ERK), protein kinase B (Akt), and endothelial nitric oxide
synthase (eNOS) activation.
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within 3 to 5 days after ischemic stroke reportedly is associ-
ated with infarct growth in patients without recanalization
(Campbell et al., 2013), thereby suggesting the role of collat-
eral flow in maintaining the blood supply to the penumbral
area in the acute stage. Good collateral status leads to higher
recanalization rate, smaller infarction volume (Bang et al.,
2008), and better neurological outcome. Well-developed
collateral flows can lower the rate of hemorrhagic transfor-
mation after thrombolytic and/or endovascular therapies
(Bang et al., 2011). Furthermore, retrograde collateral flow
may help to expose all portions of the thrombus to throm-
bolytic agents (Caplan et al., 1998), making collateral flow
indispensable for ischemic stroke therapy. Here, we present
our current opinion regarding the importance of the devel-
opment of collateral circulation in acute ischemic stroke,
according to findings from both clinical and basic research.

Collateral blood vessels comprise extracranial routes includ-
ing the facial, maxillary, middle meningeal, and occipital ar-
teries, as well as intracranial routes. The intracranial collateral
routes are divided into two pathways: the primary pathway
includes the circle of Willis, whereas secondary pathways con-
sist of pre-existing collateral routes that do not normally feed
the territory but that develop in the setting of the impaired
cerebral hemodynamics after acute stroke. These secondary
pathways include the ophthalmic artery and leptomeningeal
anastomoses with dural arterioles (Sheth et al., 2014). Our
studies have focused on leptomeningeal collaterals.

The ‘gold standard’ for evaluating the collateral circulation
after ischemic stroke is digital subtraction angiography (DSA),
although its invasiveness limits its application. Computed
tomographic angiography (CTA) is widely available, and a
positive collateral status on CTA reportedly is correlated with
a favorable outcome (Miteff et al., 2009). Another common
noninvasive technique is magnetic resonance angiography
(MRA). We have reported that laterality of the posterior cere-
bral artery (PCA) on MRA (Figure 1A), in which the PCA on
the ischemic side is longer than that on the intact side, is an
independent prognostic marker in patients with acute mid-
dle cerebral artery (MCA) occlusion and that this marker is
associated with a favorable functional outcome and increased
recanalization rate after rtPA treatment (Ichijo et al., 2013).
Figure 1A represents right PCA longer than the left side in
a patient with right proximal MCA occlusion. Patients with
ipsilateral MCA occlusion often demonstrate PCA laterality,
which represents the development of collateral flow from the
PCA to the MCA territory via leptomeningeal arteries, con-
firmed with another study with DSA (Uemura et al., 2004).
The importance of our study lies in the ease with which PCA
laterality is identified on magnetic resonance (MR) imaging
during acute ischemic stroke and the strong correlation of this
sign with long-term neurologic outcome and infarct volume.

In addition, the presence of hyperintense vessels (HVs) on
fluid-attenuated inversion recovery (FLAIR) MR imaging
(Figure 1B) is informative regarding the collateral circulation
because these vessels represent slow retrograde blood flow
through the leptomeningeal arteries during acute ischemic
stroke (Olindo et al., 2012). Figure 1B shows HVs seen in 8
out of 10 axial slices along the cortex of right MCA perfusion

territory in a patient with right MCA occlusion. We analyzed
consecutive acute ischemic stroke patients in 5 years with prox-
imal MCA occlusion treated with IV rtPA at 2 hospital stroke
centers and selected 48 patients with MR imaging of pre- and
post- (evaluated on average 6 to 7 days) IV rtPA treatment. By
evaluating a combination of 2 MRI collateral markers, PCA
laterality and HVs, we reported that patients with dramatic
decrease of these signs (Figure 1C and D) after the treatment
were significantly associated with a favorable outcome (Ichijo
et al,, 2015a). We defined this dramatic decrease or disappear-
ance of the collateral signs as reversion of collaterals.

Recanalization is scored on DSA or MRA according to ei-
ther the TICI (Thrombolysis in Cerebral Infarction) or TIMI
(Thrombolysis in Myocardial Infarction) scale, to characterize
the reemergence of distal MCA perfusion in cases of proximal
MCA occlusion. However, despite early successful recanali-
zation (TICI2 or 3), the neurologic outcome is inconsistent,
with some patients experiencing dramatic functional recovery
but others achieving no neurologic improvement. Early neu-
rologic improvement within 24 hours after the administration
of rtPA has been associated with lower baseline National In-
stitutes of Health Stroke Scale scores and younger age (Blinzler
et al,, 2011), but some patients do not recover even though
the time from stroke onset to treatment is short.

In one study, we found that a well-developed collateral
sign before rtPA and history of atrial fibrillation were sig-
nificantly associated with neurologic improvement within
24 hours of rtPA administration (Ichijo et al., 2015a). Ap-
proximately 50% of patients demonstrated reversion of col-
laterals, which was associated with successful recanalization
on MRA, lower National Institutes of Health Stroke Scale
scores at 1 and 7 days, better modified Rank in Scale scores
at 3 months, and higher Alberta Stroke Program Early CT
Scores (ASPECTS), indicating smaller infarct volumes. AS-
PECTS were significantly higher in the cortical area (M1-
M6) — but not in other regions (insular cortex, basal gan-
glia, internal capsule) — of the patients with reversion of
collaterals, thus supporting the idea that cortical areas tend
to be rescued by leptomeningeal collaterals. The reversion
of collateral vasculature in patients with successful recanal-
ization is plausible because once the arterial circulation is
reestablished, collateral vessels are no longer useful and, the-
oretically, might even cause cerebral blood overflow, leading
to hemorrhagic transformation. Contrary to the belief that
collateral vessels develop over time, the reversion of collat-
erals was not significantly correlated with stroke etiology
such as cardiac emboli or large-artery sclerosis (Ichijo et al.,
2015a). We attribute this situation to the idea that leptome-
ningeal collateral arteries in acute MCA occlusion develop
because of a pressure gradient between the territories fed
by the anterior cerebral artery (ACA) or PCA and one distal
to the site of MCA occlusion, thus maintaining the flow to
the penumbral area. We consider that these collaterals thus
disappear once the gradient is normalized, that is, after suc-
cessful recanalization. We believe that enhancing the acute
development of collateral circulations and modulating the
molecular dynamics of this event are potential targets of
novel therapeutics for acute ischemic stroke.
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The revascularization after vascular occlusion involves
several distinct processes. ‘Angiogenesis, the sprouting of
endothelial cells to form capillary networks, is induced by
hypoxia: defective oxygenation of cells leads to the activation
of hypoxia-inducible factor 1 and downstream transcription
factors such as vascular endothelial growth factor, which
bind to endothelial cells, thus signaling them to proliferate,
migrate, and eventually form new vessels. In post-stroke an-
giogenesis, endothelial cells are activated, and in accordance
with smooth muscle cells and pericytes, they work for func-
tional and mature vascular formation. However, the effect of
angiogenesis on stroke recovery is still controversial and the
promotion of angiogenesis by delivering vascular endothelial
growth factor has been reported to aggravate vasogenic ede-
ma and hemorrhage, possibly exacerbating ischemic injury
(Adamczak et al., 2015).

Another process relating to revascularization in ischemic
stroke is arteriogenesis, the induced development of new
vessels triggered by fluid shear stress after the stenosis or oc-
clusion of vessels. This increased shear stress results in the for-
mation of large collateral arteries due to the proliferation of
endothelial and smooth muscle cells. Once the hemodynami-
cally relevant stenosis or occlusion occurs, pre-existing arteri-
oles redistribute the blood flow by connecting high-perfusion
and low-perfusion regions, thus increasing the shear stress in
pre-existing arterioles and leading to the development of col-
lateral vessels (Liu et al., 2014). We consider arteriogenes rath-
er than angiogenesis plays a role with regard to a functional
collateral development. However, achieving functional vessels
through arteriogenesis takes several days to weeks (Helisch et
al., 2006) and therefore arteriogenesis likely contributes more
to alleviating chronic artery stenosis or occlusion than to mit-
igating acute ischemic events.

In general, the robustness of the collateral circulation di-
minishes with age and other vascular comorbidities, such as
hypertension and diabetes (Sheth et al., 2014). However, we
have found that some collateral flow develops dramatically
and rapidly after the onset of acute ischemic stroke, is inde-
pendent of atherosclerosis risk factors (Ichijo et al., 2013),
and disappears promptly as soon as the pressure gradient is
released (Ichijo et al., 2015a). Qureshi et al. (2008) reported
angiographic images of patients who underwent endovascu-
lar procedures for symptomatic stenosis of proximal MCA.
During 15 to 30 seconds of balloon catheter inflation at the
stenotic site, leptomeningeal arteries developed to reconstitute
maximally the distal most portion of MCA territory even in
those who had little or no vessels seen before the procedures,
indicating that prompt occurrence of pressure gradient be-
tween MCA-ACA triggered the collateral development in
acute setting (Qureshi et al., 2008). A similar phenomenon
occurred in people who underwent brief (1-minute) occlusion
of normal coronary arteries: 20% of subjects rapidly devel-
oped collateral flow sufficient to prevent myocardial ischemia
(Wustmann et al., 2003). Whether this phenomenon primarily
involves the preexisting arteries is unknown, as are the factors
that contribute to it, but its initiation appears to require flu-
id shear stress rather than hypoxia. There are evidences that
shear stress on vascular endothelial cells induces endothelial
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brain-derived neurotropic factor mRNA expression and pro-
tein levels (Nakahashi et al., 2000; Prigent-Tessier et al., 2013),
or endothelial transforming growth factor beta-1 mRNA and
its activity (Ohno et al., 1995), both of which can lead to cell
proliferation, differentiation and survival, indicating the possi-
ble contribution of shear stress to neuroregenerative processes.
Though shear stress has been shown to play an important role
in central nervous system, the vessel’s system for sensing shear
stress has not been elucidated completely, but several pathways
have been suggested recently. In particular, microarray data
from a model of chronically elevated fluid shear stress revealed
increased transcription of transient receptor potential cation
channel, subfamily V, member 4 (Trpv4) on endothelial cells,
and this factor was positively correlated with the intensity of
fluid shear stress (Troidl et al., 2009). Furthermore, a complex
composed of platelet endothelial cell adhesion molecule 1,
vascular endothelial cadherin, and vascular endothelial growth
factor receptor 2 is necessary to induce shear responsiveness;
this complex lies upstream of integrin, which it activates to
mediate shear responses (Tzima et al., 2005).

Sphingosine-1-phosphate (S1P) receptor 1 is another
candidate for the trigger of the shear-stress mechanosensing
pathway. The sphingolipid SIP is known to be involved in
anti-apoptotic, proliferative, and inflammatory signaling. S1P
binds and activates a family of five G-protein-coupled S1P
receptors (SIPR1 through 5), which are widely expressed in
the body, including the central nervous system. In addition,
S1P signaling modulates various developmental aspects of the
embryonic nervous system, including vascular maturation,
neuronal progenitor migration, and astrocyte proliferation
(Prager et al., 2015). Furthermore, SIPR1 stabilizes the pri-
mary vascular network in mice and is an essential factor for
fluid shear-stress signaling in endothelial cells (Jung et al.,
2012). In vitro, antagonism of SIPR1 blocked shear-stress-
induced adherens junction assembly in human umbilical vein
endothelial cells. Antagonism of SIPR1 also blocked the phos-
phorylation of extracellular signal-regulated kinases (ERK)
and protein kinase B (Akt), and reduced the activation of
endothelial nitric oxide synthase (eNOS) (Jung et al., 2012);
all of these signals are known to be triggered in response to
fluid shear stress (Tzima et al., 2005). In the descending aorta,
which experiences constant laminar shear stress, endothelial
S1PR1-knockout mice showed reduced phospho-eNOS stain-
ing, suggesting that SIPR1 mediates eNOS activation in vivo.
Surprisingly, in a ligand-independent, S1P-independent man-
ner, SIPR1 itself senses endothelial shear stress and triggers
downstream signaling molecules (Jung et al., 2012).

We recently reported the upregulation of SIPR1 expres-
sion in the unilateral mouse brain cortex under prolonged
shear stress after ipsilateral common carotid artery occlu-
sion (CCAO) (Ichijo et al., 2015b). Latex perfusion revealed
significantly more prominent development of the leptome-
ningeal collateral vessels in the ipsilateral cortex in mice
with unilateral CCAO and treated with an SIPR1-selective
agonist (SEW2871) compared with mice without SEW2871
or that underwent sham surgery plus SEW2871 admin-
istration. These results imply the need for shear stress to
initiate the signaling that triggers enhanced development
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of the collateral vasculature. Furthermore, mice with CCAO
and SEW2871 pretreatment followed by unilateral MCA oc-
clusion was associated with smaller infarction volumes and
better neurological function than those without SEW2871.
Although the leptomeningeal arteries of SEW2871-treated
CCAO mice demonstrated increased eNOS phosphorylation
and improved cerebral blood flow, Ki-67 staining failed to
reveal any noteworthy endothelial cell proliferation. Togeth-
er, these findings prompted us to speculate that modulating
SIPRI decreases infarction volume and subsequently im-
proves neurological outcomes owing to collateral enhance-
ment through the eNOS vasodilation pathway rather than
through cell proliferation (Ichijo et al., 2015b) (Figure 2).
Furthermore, recent clinical trials have revealed that fingoli-
mod, a known modulator of S1P receptors including S1PR1,
is effective against acute ischemic stroke (Zhu et al., 2015).
Specifically, in addition to its previously reported advantages
in preventing inflammatory responses and protecting against
excitotoxicity, fingolimod may modulate SIPR1 signals to
promote the development of collateral arteries.

We propose that intervening in and enhancing the acute
development of collateral vessels represents opportunities
for novel therapeutics for acute ischemic stroke. Since we
found that well-developed collateral was related to higher
recanalization rate and better functional recovery, the ad-
ministration of SIPR1 modulator along with IV rtPA after
stroke may theoretically increase successful recanalization
rate, decrease infarction volume and lead to better outcome.
Additional investigation is needed to better understand the
mechanism by which fluid shear stress is sensed and to clar-
ify the molecular events that follow, to achieve more specific
and effective treatments in the future.

Eri Iwasawa gave a presentation regarding the reversion of
collaterals at the 54" annual meeting of the Japanese Society of
Neurology.
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